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Abstract 
The percentage and sequence of AT and GC base pairs and charges on the DNA backbone contribute 
significantly to the stiffness of DNA. This elastic property of DNA also changes with small interacting ligands. 
The single-molecule force spectroscopy technique shows different interaction modes by measuring the 
mechanical properties of DNA bound with small ligands. When a ds-DNA molecule is overstretched in the 
presence of ligands, it undergoes a co-operative structural transition based on the externally applied force, the 
mode of binding of the ligands, the binding constant of the ligands to the DNA, the concentration of the ligands 
and the ionic strength of the supporting medium. This leads to the changes in the regions- upto 60 pN, 
cooperative structural transition region and the overstretched region, compared to that of the FEC in the absence 
of any binding ligand. The cooperative structural transitions were studied by the extended and twistable worm-
like chain model. Here we have depicted these changes in persistence length and the elastic modulus constant as 
a function of binding constant and the concentration of the bound ligands, which vary with time. Therefore, 
besides ionic strength, interacting proteins and content of AT and GC base pairs, the ligand binding or 
intercalation with the ligands is an important parameter which changes the stiffness of DNA. 
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Introduction 
 
In several biological processes, a double stranded DNA is converted into single stranded 
DNA. The dynamics of such process is an open question. In DNA replication [1], such 
conversion enables it to duplicate itself during cell division. When a cell prepares to divide, 
the DNA helix splits down the middle and becomes two single strands. These single strands 
serve as templates for building new complimentary strands. Thus, forming two double-
stranded DNA molecules each a replica of the original DNA molecule. Similarly, during 
DNA transcription, [1] RNA polymerase creates a transcription bubble which separates the 
two strands of the DNA helix. This is done by breaking the hydrogen bonds between 
complementary DNA nucleotides. The stiffness of the DNA affects the replication and 
transcription processes. 
 
In DNA-protein or DNA-ligands interactions, ligands may bind to ds-DNA through different 
binding modes. They may bind into major or minor grooves of the double helix, intercalate 
between bases or associate with melted single strand of DNA. It was shown using optical 
tweezers that the flexibility of DNA is enhanced when bound with protein like HMGB [2] 
where the persistence length changed from 50 nm to 10 nm approximately in the presence of 
NaCl. The flexibility of DNA depends on its base sequence: GC base-paired regions are 
expected to be stiffer than AT regions as GC base pairs are more strongly bound. 
 
In past, single molecule force spectroscopy has been extensively used to study the well 
characterized structural transitions of a DNA molecule. When a DNA molecule is stretched 
between AFM tip and the substrate in the absence of any binding agent, the change in 
mechanical properties of the molecule depends on the strength of the applied force. This 
change in the mechanical properties of DNA is depicted by its force-extension characteristic 
curve. DNA in a solution medium adopts random coil conformation which corresponds to 
maximum entropy. The process of pulling of the DNA molecule reduces this entropy and that 
costs energy. The entropic force is generally weak and is less than 10 pN. After this force 
regime, the enthalpic force takes over and DNA stretches like a spring. Up to 50 pN force 
regime, the curve can be described by standard worm-like chain model [3]. The molecule 
undergoes a cooperative structural transition at around 60 pN which is reflected as plateau 
region in the force extension characteristic curve (FEC). Recent studies attribute this plateau 
region to the phenomenon of DNA melting [4-5]. DNA melting is the result of breakage of 
hydrogen bonds and rotation of DNA strands in order to reduce the torsional strain during the 
overstretching transition [6]. Further increment in the force results into another co-operative 
transition around 125 pN and if the force is further increased, it results in the separation of ds-
DNA into two single stranded DNA [7]. Recently, studies have also shown that the structural 
plasticity of stretched DNA also depends on its torsional constraint state [8- 9].  In our study, 
we have considered torsionally unconstrained ds-DNA.  
 
If ds-DNA molecule is stretched in the presence of binding ligands then their different 
binding modes are characterized by different FECs. In past, these FECs have been obtained 
for the cross-linking anti-cancer drug: cisplatin, groove binder: berenil and the intercalating 
dye: ethidium bromide [10]. The FECs were measured with time at a particular concentration 
of the drug in the supporting medium. In this study, we report the dependence of the stiffness 
of DNA on the concentration of ligands bound to the DNA. The ligand concentration plays an 
important role in the conversion of stiff rod-like structure to a flexible molecule. We have 
used the extended and twistable worm-like chain model to describe how persistence length 
and elastic modulus change with ligand concentration. 
 
Methods and Results 
 
The over-stretching saw-tooth like pattern was observed experimentally at the single-
molecule level when tension was applied to ds-DNA. At high force, this leads to generation 
of ss-DNA which can be explained by twisted worm-like-chain model. The force dependent 
elasticity of the ds-DNA can be explained by introducing a complex term consisting of twist 
rigidity and stretching modulus. In this study, we propose a model to describe the effect of 
mechanical stress in the presence of the binding ligands. The change in the mechanical 
properties of the over-stretching DNA is a continuous process. The concentration of 
ligand/drug binding to the DNA continuously increases until it saturates to the final 
concentration of the binding agent in the buffer solution. In this study, we have developed a 
minimal model which describes the dependence of persistence length and the stiffness 
constant of the DNA on the binding constant and the concentration of the binding 
ligands/drugs. The experimental data of stretching of single-molecule of ds-DNA shows 
over-stretching at two different forces. First at around 65 pN where there is a change in the 
extension at constant force and second at around 125 pN where there is a generation of ss-
DNA. We have used a master equation to capture these two different transitions. 
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The first term in eqn.(1) represents the worm-like chain (WLC) model, the second term 
represents the co-operative structural transition region which is obtained after the first 
transition at 65 pN and the third term represents the region of the FEC which is obtained after 
the second transition at around 125 pN. The combination of all the three extensions gives the 
total extension of the DNA corresponding to the force applied at that instant [11-15].  
 
The FECs of ds-DNA in the presence of two different ligands at various concentrations have 
been fitted with eqn.(1) where; Lc0 is the contour length of the ds-DNA, k is Boltzmann 
constant, T is the temperature, F is the applied force, LP is the persistence length, K is the 
elastic modulus constant, n1 and n2 are number of nucleotides unfolding during the 
transitions, ∆x1 and ∆x2 are the extension changes upon unfolding at force F corresponding to 
first (Fh1 = 65 pN) and second (Fh2 = 125 pN) transitions respectively. There are many 
binding pockets available along the DNA strand where small ligands, protein molecules can 
bind and modulate the elastic nature of the helix. The stiffness of the helix changes with the 
concentration of the binding ligands. So, the LP of DNA changes with pH, ionic strength of 
the supporting medium [16] and many other parameters. We have incorporated the 
dependence of LP and K on the ligand concentration in eqn.(1) to capture the effect of bound 
ligands to the DNA by following relations; 
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The empirical relation consists of six parameters. The parameters α and α’ are related to the 
critical concentration of the binding ligands. After this critical concentration, there is an 
appreciable change in LP and K respectively. This is reflected as change in the FEC. The 
parameters β and β’ allows the function to take all possible values of LP and K respectively. 
The parameters   and  ’ are the offset values for LP and K respectively. In the above 
equations, x represents the concentration of the ligands which varies with time as it binds to 
the DNA molecule. The binding of interacting ligands to DNA molecule can be given by 
change in the signal amplitude obtained from surface plasmon resonance (SPR) 
measurements [17], 
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where  τ = kax(t) + kd, which represents the rate of increase of the signal amplitude and x is 
the ligand concentration. The association (ka) and dissociation (kd) of ligands can be 
estimated by 
 
KD = kd/ka = 1/B   ------------------------------   (5) 
 
where B is the binding constant of the ligand bound to the DNA. The binding constant for 
cisplatin, B (cisplatin) = 5.73 (±0.45) × 10
4
 /M , [18] was obtained using Fourier transform 
infrared, ultraviolet-visible, and circular dichroism spectroscopic methods. Spectroscopic 
evidence showed that cisplatin binds to the guanine N7 site with minor perturbations of the 
backbone phosphate group. The binding constant for berenil, B (Berenil) = 6.8(± 0.25) ×10
3
 
/M  [19] was obtained using Scatchard analysis. This shows that cisplatin is relatively better 
binder than berenil to the DNA. 
 
The results obtained after fitting the data with eqn.(1) are summarized in Fig. 1 and fitting 
parameters are tabulated in Table 1.  
 
Figure 1: (color online) The figure represents the results of the fitting of the experimental data (red) using master 
equation (blue) and using modified master equation (green). The subplot in the figures gives the deviation of the 
fitted curve from the experimental data. Fig 1(a), (b) and (c) gives the results obtained for cisplatin at 0 hr, 1 hr 
and 24 hr respectively. Fig 1(d), (e) and (f) gives the results obtained for berenil at 0 µg/ml, 1.5 µg/ml and 15 
µg/ml respectively. 
 
The prime effect of the ligand attaching to the ds-DNA, irrespective of its binding mode, is to 
increase the flexibility of ds-DNA. The observation of the fitting parameters namely Lc0, LP, 
and K indicates that the increase in the flexibility of ds-DNA is accompanied by the increase 
in Lc0, decrease in LP, and increase in K of the ds-DNA measured at fixed temperature. This 
indicates the conversion of ds-DNA into ss-DNA when force is applied on the ds-DNA in the 
presence of the binding ligand. The parameters n1 and n2 are the number of base pairs coming 
apart in the co-operative structural transition regions. We have observed that even after 1 hr 
(in case of cisplatin) and at 1.5 µg/ml (in case of berenil), there is only a small change in the 
values of n1 and n2. This indicates that only a small amount of ligand has bound to the ds-
DNA. At 24 hr (in case of cisplatin) and at 15 µg/ml (in case of berenil), there is an 
appreciable decrease in the value of n1 and increase in the value of n2, see Table 1. 
 
 
 
This suggests that there is a reduction in the co-operative structural transition region at 65 pN 
and increase in co-operative structural phenomenon at higher forces. The parameters Lc1 and 
Lc2 are relative contour length in the cooperative structural transition regions. The values of 
Lc1 and Lc2 are increasing with the increment in time or concentration. This supports the 
increased flexibility of ds-DNA with increment in the bound ligand concentration. After 
including the dependence of LP and K on concentration of the binding ligand in the eqn.(1), 
we have again fitted the experimental data and the fitting parameters are tabulated in Table 2. 
 
 
 
We have observed that the constants α and α’ are fixed for cisplatin but vary non-uniformly 
in case of berenil. This indicates that the critical concentration for cisplatin remains same at 
all values of time but it varies for berenil which can be seen by different critical concentration 
values for different concentrations of berenil. This may be primarily because of different 
binding mode through which these ligands bind to the ds-DNA. Another constant β, which 
corresponds to Lp, remains same for both the ligands but β’, which corresponds to K, differs 
with time or concentration for both the ligands. The parameters γ and γ’ are the offset values 
for LP and K respectively. 
 
The FEC can be described by WLC model which is applicable at lower force regime up to 30 
pN [20]. The FECs were fitted with WLC model with parameters Lc0, LP, and K. The same 
parameters were used to fit the experimental data with eqn.(1) in the low force regime. The 
obtained values of fitting parameters are presented in Table 3. 
 
 
 
We have further used the freely jointed chain (FJC) model to fit the FEC in higher force 
regime and the obtained parameters are listed in Table 4.  
 
 
 
These values of parameters correspond to single stranded DNA. The results of the fitting of 
the experimental data with WLC and FJC models are summarized in Fig. 2.  
 
Figure 2: (color online) The figure represents the results of the fitting of the experimental data (red) using WLC 
model (green) and the FCJ model (blue).Fig 2(a), (b) and (c) gives the results obtained for cisplatin at 0 hr, 1 hr 
and 24 hr respectively. Fig 2(d), (e) and (f) gives the results obtained for berenil at 0 µg/ml, 1.5 µg/ml and 15 
µg/ml respectively. 
 
The number of base pairs of ds-DNA was estimated from the fitted value of contour length 
for cisplatin (#6260) and berenil (#5880) binders by dividing by 0.34 nm, consecutive base 
pair distance. The stability of ligand bound DNA was estimated by calculating the change in 
free energy per base pair at various time or concentration of ligand used in the experiment, 
presented in Table 5.  
 
 
 
The change in free energy per base pair decreases with increase in the number of bound 
ligand molecules. This shows the gain in the stability of DNA molecule. The distance 
between consecutive base pairs in the co-operative structural transition region (60-70 pN) and 
in the overstretched region (above 110 pN) was estimated by using the facts that the length of 
the ds-DNA increases by 70 % in co-operative structural transition region and overall length 
of the DNA increases approximately by 1.7 times its contour length. Recently, the transition 
mechanism of DNA over-stretching has been studied using molecular dynamics where the 
range of (Δx)bp, in the absence of any ligand, has been proposed to be 0.34 nm-0.58 nm [21]. 
Also in a previous study, the distance between consecutive base pairs of ds-DNA complexed 
with ethidium bromide was reported to be 0.68 nm [10]. We have obtained the average (Δx)bp 
of DNA molecule in the presence of cisplatin as 0.52 nm in 60-70 pN force range and 0.68 
nm above 110 pN force; and in the presence of berenil, it is 0.52 nm in 60-70 pN force range 
and 0.7 nm above 110 pN force. These observations show that both cisplatin and berenil are 
equally responsible for changing the flexibility of ds-DNA. These observations verify our 
proposed empirical relations for persistence length and the elastic modulus constant. 
Moreover, there was appreciable reduction in the errors after modification of eqn.(1) as 
shown in the Fig. 1. Thus, these empirical relations may be used to get better results to 
explore the mechanical properties of DNA. 
 
Discussion 
 
Many theoretical models like FJC, WLC have been used to analyse the elastic behaviour of a 
single molecule under tension. The elastic property of the DNA changes by bending, twisting 
and stretching of DNA molecule in various biological processes. Elastic nature of DNA 
depends on various factors including helical structure, content and sequence of AT and GC 
base pair, pH, temperature and ionic strength of surrounding medium. Recently, twistable 
WLC model [22-24] has been proposed to capture the DNA elasticity in the intermediate 
range of stretching force in pulling measurement by using optical tweezers [25]. In single-
molecule pulling experiment, a known force is applied on a molecule via a trapped beads and 
corresponding extension is measured. The DNA over-stretching is a co-operative 
phenomenon where DNA gets changed in helical structure accompanied by the loss of 
hydrogen bonding. 
 
The FEC of ds-DNA in the presence of different ligands were experimentally measured using 
AFM technique. The FECs were analysed by known parameters like Lc, Lp and K. These 
parameters corresponds to ds-DNA and are in the expected range, see Table 1. The FEC of a 
single-molecule has a unique characteristic feature of providing information about the K of a 
single-molecule through the curvature of the FEC and Lp. The empirical relations were 
proposed for the variation of Lp and K of DNA molecule with the bound ligand 
concentration, given by eqn.(2) and (3). The FECs can be reproduced for any of these 
parameter values which allow us to have a broader picture of change in the mechanical 
properties of the DNA while it is overstretched. The variation in LP and K of DNA with 
bound ligand is continuous rather being a constant value during the process of over-stretching 
of ds-DNA. In another experiment, the elastic parameters of DNA were measured at pH=7.0 
for a fixed concentration of spermidine (100 µM) in NaHPO4 solution. The change in LP was 
observed from 47.4 ± 1.0 nm to 38.7 ± 1.0 nm and change in K was observed from 1008 ± 38 
pN to 1202 ± 83 pN [26]. This observation clearly shows that the small interacting ligand 
plays an important role in changing the elastic property of DNA. 
 
In our analysis, the variation of LP from 50.0 ± 0.5 nm to 1.0 ± 0.5 nm and the variation of K 
from 400 ± 20 pN to 2000 ± 20 pN were captured by the proposed empirical relations. Thus, 
we can study all possible ranges of concentration of ligands which can positively bind to the 
DNA. While fitting the experimental FECs using eqn.(1), we have observed that the variation 
of LP was from 38.0 ± 1.5 nm to 1.5 ± 1 nm and the variation of K was from 400 ± 20 pN to 
1800 ± 20 pN with time or various ligand concentrations. This continuous nature of LP and K 
were not studied against the binding ligand concentration in the past. We have presented a 
simple empirical relation which can predict the variation in LP and K with ligand 
concentration which is very difficult to estimate experimentally. 
 
The continuous change in the average base pair distance was also estimated in the analysis of 
FECs, the obtained variation is listed in Table 5. The increment in (Δx)bp suggests how  ds-
DNA behaves like a ss-DNA in presence of the bound ligands. These ligands bound to DNA 
molecule change a rod like stiff ds-DNA to a flexible ss-DNA molecule.  
 
  
 
Conclusions 
 
Through single-molecule pulling experiments using AFM on complexes of ds-DNA and 
ligands, cooperative and structural transitions at various force regime were observed. The 
contour length of ds-DNA changes depending upon the strength of the force applied. In the 
beginning, where force is low, the change in contour length is not appreciable but as the force 
is further increased, 70% increase in the contour length is reported. Even in the presence of 
ligands, the contour length of ds-DNA increased as the applied force is increased. A master 
eqn.(1) along with empirical relations eqn.(2) and eqn.(3), depicting the continuous variation 
in the values of LP and K while stretching the complexes of ds-DNA and small bound 
ligands, has been proposed to explore the elastic behaviour of the biopolymer under tension. 
 
The modification implemented in eqn.(1) has an advantage to address the changes in the 
mechanical properties of the DNA in the presence of bound ligands. Many enzymatic 
reaction and gene regulation processes depend on the thermal fluctuations of the shape of the 
DNA which is indirectly connected with the flexibility of the DNA molecule. The 
interactions between protein and DNA control many paramount cellular processes such as 
transcription, replication, DNA repair, recombination and other critical steps in cellular 
development [27]. The knowledge of elastic properties of DNA can be used to design DNA 
origami [28]. Small binding molecules are capable of blocking or mimicking these processes. 
Therefore, offering themselves as a potential pharmacological agent. The equilibrium binding 
constant depends on the concentration of both the protein and the DNA when protein binds to 
the specific site of the DNA. The kinetics of the interacting ligand depends on the binding 
constant. Thus, it is very important to have a better understanding of how the protein binding 
to the DNA changes the mechanical properties of the DNA. Moreover, in case of drug 
delivery via DNA, the elastic property of DNA plays an important role in determining the 
rate at which the specific drug can be administered in the affected area. These facts are 
important for designing a drug for a specific pharmacological function [29- 30]. 
 
There is future scope to explore the mixture of ligands interacting with the ds-DNA which 
mimics the cellular environment where different kinds of ligands can interact with the DNA 
at the same time. In such case, the effective change in the flexibility of ds-DNA is expected 
to be competitive depending on the binding constants of the interacting ligands. Moreover, a 
database can be created based on the binding constant of the ligands to ds-DNA which can be 
used to predict the mechanism of binding of unknown ligands to DNA. A very similar 
approach is used in the genetic screening where the assessment of an individual’s genetic 
makeup is done to detect inheritable defects that may be transmitted to the next generation 
[31]. 
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